Abstract Due to the hydrophobic nature of the polyaromatic hydrocarbons (PAHs) they are mostly bound to the sludge and escape aerobic treatment in a wastewater treatment plant. They therefore proceed directly to the anaerobic post treatment, terminate in the sludge, and can be released to the environment if land spreading is used. PAH degradation in anaerobic methanogenic systems has only recently been shown to occur. In this study we have assessed several factors of anaerobic PAH degradation by evaluating thermodynamic feasibility of degradation, assessing degradation at different temperatures, and investigating the enriched cultures using fluorescent in-situ hybridization (FISH). Thermodynamic calculations indicated that PAH degradation was possible under methanogenic conditions, in the presence of hydrogen utilizing methanogens. Removal of naphthalene and 1-methyl naphthalene depended both on temperature and the initial inoculum. Inocula sourced from contaminated land sites were the most effective. The enrichments were all a mixture of Bacteria, and Archaea, and the Archaea were generally identified as Methanobacteriales, using an order-specific probe. The bacteria were not specifically identified. The results indicate a syntrophic culture, with the bacteria oxidizing the naphthalene, and the Archaea converting the hydrogen produced by oxidation, to methane.
Introduction
In Europe, treatment of wastewater has resulted in the production of large amounts of sewage sludge. The traditional options for disposal of sewage sludge such as landfill, incineration, and ocean dumping are becoming less viable, because of their environmental impacts, cost, and the increasing volumes produced. Currently over 50,000 wastewater treatment plants are in operation in the European Union, producing a total of about 7.9 million tons of dry solids in year 2000 (Magarou, 1999) . It is estimated that the amount of produced sludge will continue to increase as the Council Directive 91/271/EEC of 21 May 1991 concerning urban wastewater treatment is further implemented. One of the reasons for this prediction is made due to that the Directive requires wastewater treatment plants with at least secondary treatment. Also nutrient removal in sensitive areas is required.
The disposal of sludge by land filling accounted for 40% of the waste and was the most important way for treatment in EU, followed by spreading on land, which accounted for 37% of the sewage sludge produced. With landfilling now practically not an option in Europe, and becoming less attractive worldwide, the wastewater industry will seek to recycle larger amounts of sewage sludge for agricultural purposes, which will also allow recycling of nutrients. Hence, bioprocessed sewage sludge application on agricultural soil will diminish the use of artificial fertilizer. Sewage sludge is usually treated in wastewater treatment plants to reduce volume, remove pathogens, and to gain energy. Anaerobic digestion is by far the most common treatment option for medium, and larger sized treatment plants for a wide variety of reasons.
One of the problems with spreading the sludge on farmland is the presence of xenobiotic compounds. These are human generated biological compounds, which are often toxic, and may concentrate through the food chain. The concentration limits set out in the Danish Statutory Order no. 56 of 24 January 2000, impose quality criteria for sewage sludge to be used as field fertilizers. One of the most important groups of compounds that are regulated is polycyclic aromatic hydrocarbons (PAHs). PAHs are persistent, widespread, and can have a negative influence on biological life including humans. They have low water solubility and adsorb easily to organic solids. Because of these abilities, PAHs will generally be present in sewage sludge rather than wastewater treatment effluent. Anaerobic digestion of sludge is therefore of high importance for producing sludge with a low concentration of PAHs. The degradation of PAHs has also become a model for degradation of other xenobiotic compounds.
PAHs are known to resist biodegradation due to low bioavailability. However, degradation has been established for the PAHs under aerobic, denitrifying and methanogenic conditions. Aerobic or anoxic degradation of PAHs involves oxidation of the ring by dioxygenase (e.g., Iwasbuchi et al., 1998; Rockne et al., 2000) . This is not an option under anaerobic conditions. Although degradation of PAHs with sulfate reduction was previously thought not to occur, this has now been shown with a wide variety of different PAHs (Chang et al., 2002) . However, aerobic treatment requires large amounts of power, can be ineffective in stabilizing the sludge, and does not produce renewable energy. Nitrate is not available in the quantities required, and sulfate reduction is neither desirable, nor practical. Methanogenic degradation of PAHs has been generally unsuccessful. For example, no naphthalene removal was seen under methanogenic conditions in a bicarbonate added sediment column (Langenhoff et al., 1996) . However, recently PAH biotransformation was observed in continuous stirred tank reactors fed with sewage sludge (Trably et al., 2003) . They observed anaerobic degradation of PAHs with a higher molecular mass than naphthalene. Naphthalene degradation was not investigated.
In contrast to the aerobic degradation pathways of PAHs little is known about anaerobic degradation. Zhang and Young (1997) proposed an initial oxidation of the PAH ring by scission of water molecule or by carboxylation. In a later study the initial step in PAH degradation has been partly shown to be reductive (Zhang et al., 2000) to possibly, a fully saturated carboxyl heterocyclic compound with sulfate reduction. It has not been demonstrated whether sequential reduction-oxidation or simple oxidation is dominant in anaerobic digesters. PAHs are highly reduced compounds and as such biodegradation can be thermodynamically unfavorable. It has therefore been proposed that biodegradation is the result of co-metabolism (Sharak Genther et al., 1997) .
The main areas which need more investigation are: (a) whether anaerobic PAH degradation is thermodynamically possible at all; (b) if PAH degradation occurs, and the main factors which influence degradation; and (c) characterization of the microbial consortia mediating degradation. This work addresses these aspects by assessing theoretical possibility of PAH degradation using thermodynamic calculations, assessing the viability of PAH degradation under typical anaerobic digester conditions, and assessing the microbial community mediating the reactions, using naphthalene as a representative PAH.
Methods Thermodynamic analysis
Molecular modeling was used to assess the possibility of different degradation pathways. This involved assessing the free energy changes for naphthalene oxidation, using the reduction/oxidation two step process proposed by Zhang et al. (2000) . The free energy of a reaction is the basic thermodynamic driving force for that reaction. If a free energy for a reaction is positive (i.e., energy is absorbed during a reaction), it cannot occur. Thermodynamic calculations are very useful, as it allows prior estimation of whether a N. Christensen et al. specific reaction is possible before investigating this experimentally. Overall free energy depends on the temperature, concentrations of the reactants and products, and other factors including system pressure and pH. Free energies of complicated organic molecules in aqueous solution have been classically difficult to source. Here, the aqueous free energies for naphthalene and decalin-2-carboxylic acid have been calculated using the group contribution method of Mavrovouniotis (1991) , which has been specifically developed for aqueous compounds. Free energies of other compounds were sourced from Dean (1992) .
Batch tests for naphthalene degradation
Experiments were performed in the 117-ml filled 45 ml sterile mineral medium. All vials were flushed with nitrogen:carbon dioxide (80:20), closed with Teflon coated butyl rubber stoppers and sealed with aluminium crimps. Glucose was added to a final concentration of 0.2 g/l. Naphthalene, 1-methyl naphthalene, was dissolved in pentane before addition. The vials were inoculated with 15 ml sludge, simultaneously flushing with nitrogen:carbon dioxide (80:20). The control vials amended with 5 ml 37% formaldehyde in order to chemically sterilise the inoculum and were identical to the test vial. Controls were incubated at 25 or 37°C. Triplicate vials enriched at 37°C were placed in at the following temperatures: 25°C, 37°C, 45°C, and 55°C. The cultures enriched at 55°C were incubated at 37°C, 45°C, 55°C and 65°C. Samples were extracted from vials to measure residual testing compounds concentrations.
Chemicals. Naphthalene with 99% purity was purchased from Fluka Chemie AG, Switzerland. Phenanthrene-d 10 used as internal standards for the naphthalene analysis was 98% purity and purchased from Cambridge Isotope Laboratories, Andover, MA, USA.
Inoculum. The inocula used for the experiment were enriched cultures. The cultures have been enriched at either 37°C or 55°C with naphthalene and 1-methylnaphthalene with and without glucose addition. The initial inocula for the enrichment cultures were obtained from 1) Lynetten, which is a full-scale wastewater treatment plant treating approximately 1 mill. PE in Copenhagen, Denmark. 2) Digested manure was taken from Ribe biogas plant (digesting manure and industrial food waste) and leachate from an old Danish landfill (Forlev landfill). 3) Three contaminated soils from gasoline stations polluted with PAHs. 1) and 3) had been enriched at 37°C and 2) and 3) had been enriched at 55°C.
PAH analysis
Two ml of thawed or fresh samples were transferred into 10 ml glass tubes using glass pipettes. Phenanthrene-d 10 dissolved in pentane was used as internal standard and added to a final concentration of 0.8 mg/ml. The tubes were left open for 2 minutes in order to evaporate the pentane. Two ml pentane:ether (85:15) was added and closed with a teflon lined screw cap. The tubes were placed horizontally on a shaking table at 180/minute for 4 hours. Thereafter the tubes were centrifuged and the organic solvent phase was transferred to a GC vial for analysis.
All the samples were injected split-less into a GC/MS (Agilent 6890N and Agilent 5973) by an automatic sampler. The GC was equipped with a HP-5MS column. The injector and aux temperature were 250°C and 270°C. The flow was constant at 0.8 ml/min. The oven was set to the following temperature program: Initial temperature was 60°C for 1 minute followed by an increase in temp of 12°C/min up to 310ºC which was kept for 10 minutes. The temperature was increased by 20°C/min to 340°C that was kept for 2 min. Helium was used as carrier gas. The MS was run in scan mode between 35 and 330 m/z.
Fluorescence in-situ hybridization (FISH)
The method of Hugenholtz et al. (2001) was used for probe application. It consists of fixation, application and hybridisation. We used a variety of probes, but the microbes responded to probes for all Bacteria (EUB338/EUB338+), Archaea (ARC915), and Methanobacteriales (MB1174) (Diams et al., 1999; Sekiguchi et al., 1999) . The slides were examined using a Zeiss LSM 510 confocal laser scanning microscope (CLSM) with an upright Axioplan 2 microscope and ApoChromat 63 × 1.4 aperture. We generally used Cy-3, and FITC labels, with appropriate filter sets.
Results
Thermodynamics using typical in-reactor conditions indicated that oxidation of naphthalene is possible, with only methanogenesis to remove the hydrogen produced from (Figure 1) . The reduction step to 1-methyl decalate is energetically limited, and generally microbes would need to contribute energy to make this occur. The base free energy (25°C) for the overall reaction of naphthalene to acetate and hydrogen at typical reactor conditions, assuming saturation of naphthalene, is -78 kJ mole -1 . Further calculations have indicated that energetics of the oxidation reaction improve by 15 kJ mole -1 with every 10°C temperature increase, while energetics of the initial reduction to 1-methyl decalate are uninfluenced. This indicates that the overall reaction extent should improve with increased temperature. It is also important to note that the thermodynamics indicate that syntrophic activity is obligate, and naphthalene oxidation is only possible in the presence of methanogenic organisms. Free energies of the higher PAH compounds improve per mole (though it decreases per carbon), even though the solubility decreases greatly.
The removal of the naphthalene in sludge, soils and digested manure under mesophilic and thermophilic conditions is shown in Figure 2 . Removal of naphthalene was seen at all temperatures and the removal rate was seen to increase with increasing temperature. There was a similar relationship for 1-methyl naphthalene (data not shown). In the control vials the removal of naphthalene was lower than for the test vials and maximum 3% of the initial concentration with the exception of one of the controls with mesophilic soil inocula. In this inoculum 10% was removed in the control compared to 26% in the test vial. This indicated Figure 1 Thermodynamics of naphthalene degradation in a typical anaerobic digester at 25°C, with naphthalene at saturation concentration, and CO 2 at 1 mM. Shaded regions show where simultaneous decalate oxidation, and hydrogen conversion are possible that removal was not only due to abiotic losses. No naphthalene was detected in the samples not amended with naphthalene. This shows that the naphthalene degrading abilities under methanogenic conditions are widespread in the environment.
Under thermophilic conditions the removal was higher, which indicates that the degradation of PAHs is potentially increased under thermophilic conditions. The best samples were generally those originally sourced from contaminated land, and these are the upper sets. There was no discernable difference between those enriched at thermophilic conditions, and those enriched at mesophilic conditions. Analysis of the enriched samples by hybridisation identified all enriched cultures as syntrophic, with mixed Bacteria and Archaea. In most of the cultures (including the one shown in Figure 3) , the Archaea responded to the MB1174 probe for Methanobacteriales. Most of the species within this order are obligate hydrogen or formate utilisers (these two compounds are energetically equivalent), and this strongly indicates that the cultures degrading naphthalene and 1-methyl naphthalene are syntrophic. That is, the electrons are wasted from the oxidising bacteria as hydrogen, which is utilised by the methanogenic Archaea to produce methane.
Discussion Evidence of PAH degradation
We have found strong indications of naphthalene degradation in our study. Only few reports are yet available concerning the methanogenic transformation of naphthalene in other studies. Only 0.6% or less of the added [1-14 C]-naphthalene added to sediments was detected as [ 14 C]-CH 4 (Coates et al., 1997) . Further studies showed that sulphate was required for naphthalene degradation, possibly indicating energetic limitations. The work of Trably et al. (2003) is the most promising for higher PAHs. Thirteen different PAHs were degraded in sewage sludge under methanogenic condition. Addition of a culture adapted to PAH degradation significantly increased the degradation rates. Five threeringed PAHs was observed to be degraded in soil under methanogenic conditions (Chang et al., 2002) . It was seen that the half-lives of the phenanthrene were 2.9 days under sulphate conditions followed by 3.5 days under methanogenic conditions and 24.8 days under nitrate reducing conditions. Our energetic calculations have indicated that the degradation We have shown that the reaction is energetically possible, and the reports of low or nil degradation levels of PAHs are possibly either due to a high H 2 concentration or a lack of specific microbes. Since the reduction to decalate can be presumably facilitated by subsequent oxidation of decalate, the main limitation remains as addition of the carboxyl group in unmethylated PAHs. While this is energetically feasible, the activation energy would be presumably high, as it involves addition of a carboxyl group.
Factors influencing PAH degradation
We found that temperature has a possible influence, both energetically, and experimentally. These results are in agreement with previous studies, showing that the biological PAH removal was significantly enhanced by increasing the temperature from 35°C to 55°C (Trably et al., 2002) . Using soil as inoculum under methanogenic conditions showed another degradation trend. The temperature optimum for degradation of PAHs was tested at 20°C, 30°C and 40°C and the optimum was found at 30°C (Chang et al., 2002) . Further the influence of pH was tested from pH 5 to 9 and found to have a big influence on the degradation rates. The pH optimum was found at pH 8. It was further shown that the degradation was increased with increasing molecular weight and using a rough estimate approximately 20% of acenaphthene was removed at pH 7, at 30°C after 40 days. This can be seen to be within the range of the trend line illustrated in Figure 2 . Also, we found that the microbes in the enriched samples were a syntrophic consortium of hydrogen utilising methanogens and presumably, oxidising bacteria. Methanobacteriales are generally intolerant to pH levels of below 6.
The microbial consortia degrading PAHs
There has been very little specific evaluation of PAH degrading microbes reported in the literature. Most reported studies have been in aerobic or anoxic systems, and these have no N. Christensen et al.
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Figure 3 An example of the enriched samples hybridized with the Archaea (ARC915; green, marked MB), and Bacteria (EUB338+; red, marked B). The Archaea also responded positively to the Methanobacteriales (MB1174) directed probe relevance to anaerobic systems. The energetics calculations indicated that a syntrophic consortium was required, and this is supported by the observed results. The identified Archaea, Methanobacteriales, is an extremely widespread hydrogen utiliser found in environmental and engineered systems, and is relatively unremarkable. The more interesting microbe is the unidentified bacterium, which was not identified using order level directed probes.
Conclusions
The aim of modern sewage sludge treatment is the use of all resources in the sludge. Potentially hazardous compounds like naphthalene and other PAHs are found in sewage sludge from municipal and industrial wastewater. Using theoretical thermodynamic calculations we show that it is theoretically possible to degrade naphthalene under methanogenic conditions, if methanogenic Archaea are available to remove hydrogen produced by oxidation of the PAHs. Our experiments indicated that the degradation of naphthalene increased with increasing temperature in the range from 25 to 65°C. The enriched cultures were identified using molecular methods as a mixture of unidentified Bacteria, and hydrogen utilisers (Methanobacteriaceae).
